Sm proteins form the core of small nuclear ribonucleoprotein particles (snRNPs), making them key components of several mRNAprocessing assemblies, including the spliceosome. We report the 1.75-Å crystal structure of SmAP, an Sm-like archaeal protein that forms a heptameric ring perforated by a cationic pore. In addition to providing direct evidence for such an assembly in eukaryotic snRNPs, this structure (i) shows that SmAP homodimers are structurally similar to human Sm heterodimers, (ii) supports a gene duplication model of Sm protein evolution, and (iii) offers a model of SmAP bound to single-stranded RNA (ssRNA) that explains Sm binding-site specificity. The pronounced electrostatic asymmetry of the SmAP surface imparts directionality to putative SmAP-RNA interactions. E ukaryotic pre-mRNA processing is an intricate cellular task whose many steps include intron excision. This final maturation step occurs in the spliceosome, a large (Ϸ60 S), transiently stable ribonucleoprotein particle that ligates two exons and releases an intron lariat. The major spliceosome contains several small nuclear ribonucleoprotein particles (snRNPs; e.g., U1, U2, and U4͞U6⅐U5), and each U snRNP consists of a respective small nuclear RNA (snRNA; e.g., U1, U2) and many proteins (reviewed in refs. 1 and 2). The subset of proteins common to all spliceosomal U snRNPs is the Sm proteins. Discovered as a group of eight small antigens involved in autoimmune diseases such as systemic lupus erythematosus (3), these core snRNP Sm proteins have been found in most eukaryotes (4) and, recently, in a few archaeal species (ref. 5 and this report). Also, several sets of Sm-like (Lsm) proteins have been discovered in organisms with Sm proteins (4, 6). Biochemical characterization of Lsm proteins has verified their similarity to canonical Sm proteins (reviewed in ref. 7), and this report treats them as equivalent.
Sm proteins form the core of small nuclear ribonucleoprotein particles (snRNPs), making them key components of several mRNAprocessing assemblies, including the spliceosome. We report the 1.75-Å crystal structure of SmAP, an Sm-like archaeal protein that forms a heptameric ring perforated by a cationic pore. In addition to providing direct evidence for such an assembly in eukaryotic snRNPs, this structure (i) shows that SmAP homodimers are structurally similar to human Sm heterodimers, (ii) supports a gene duplication model of Sm protein evolution, and (iii) offers a model of SmAP bound to single-stranded RNA (ssRNA) that explains Sm binding-site specificity. The pronounced electrostatic asymmetry of the SmAP surface imparts directionality to putative SmAP-RNA interactions.
E ukaryotic pre-mRNA processing is an intricate cellular task whose many steps include intron excision. This final maturation step occurs in the spliceosome, a large (Ϸ60 S), transiently stable ribonucleoprotein particle that ligates two exons and releases an intron lariat. The major spliceosome contains several small nuclear ribonucleoprotein particles (snRNPs; e.g., U1, U2, and U4͞U6⅐U5), and each U snRNP consists of a respective small nuclear RNA (snRNA; e.g., U1, U2) and many proteins (reviewed in refs. 1 and 2). The subset of proteins common to all spliceosomal U snRNPs is the Sm proteins. Discovered as a group of eight small antigens involved in autoimmune diseases such as systemic lupus erythematosus (3), these core snRNP Sm proteins have been found in most eukaryotes (4) and, recently, in a few archaeal species (ref. 5 and this report). Also, several sets of Sm-like (Lsm) proteins have been discovered in organisms with Sm proteins (4, 6) . Biochemical characterization of Lsm proteins has verified their similarity to canonical Sm proteins (reviewed in ref. 7) , and this report treats them as equivalent.
Together with U snRNAs, canonical Sm proteins form snRNP core complexes. The molecular structure and function(s) of Sm assemblies and Sm-RNA interactions within these core complexes are unknown, but are presumably more generic than those of snRNP-specific proteins. Cytoplasmic Sm proteins associate with exported snRNAs at short single-stranded regions that are usually flanked by stem-loop structures (8, 9) . The consensus sequence for the Sm binding site is RAU 4-6 GR (R ϭ purine), although this selectivity is not very stringent (10, 11) . The core complex is thought to be a heteroheptamer of Sm proteins, and electron microscopic investigations of U snRNP core particles suggest that the Sm (12) and Lsm (13) cores are composed of a doughnut-shaped heteromer. The current paradigm is that seven Sm proteins (e.g., human B͞BЈ, D 1 , D 2 , D 3 , E, F, and G) assemble stepwise into a heteroheptameric ring with snRNA through various intermediates, such as D 1 ⅐D 2 and E⅐F⅐G heteromers. This snRNP core complex is then imported to the nucleus for completion of spliceosome assembly. Functional complexes of RNA and homologous Sm protein septets, such as the Lsm 1-7 and Lsm 2-8 sets of yeast, are thought to assemble in a similar manner.
There are no atomic resolution structures of snRNP cores, although a recent electron cryomicroscopic study by Stark et al. (14) underscores the importance of Sm proteins in forming the core of the U1 snRNP. Crystal structure determinations of D 1 ⅐D 2 and D 3 ⅐B heterodimers by Kambach et al. (15, 16) provide the only known Sm structures, and show that each monomer folds as a strongly bent, five-stranded antiparallel ␤-sheet. These monomers have nearly identical three-dimensional structures, as do the heterodimers. Kambach et al. used their heterodimer structures to model an Sm heteroheptamer with a positively charged central hole. We now report the 1.75-Å crystal structure of Sm-like archaeal protein (SmAP)-a heptameric Sm protein from the hyperthermophilic archaeon Pyrobaculum aerophilum-and describe the implications of this structure for the Sm core of eukaryotic snRNPs. The SmAP⅐ssRNA (Single-Stranded RNA) Model. The SmAP⅐ssRNA model was constructed by manual docking of an ssRNA containing an Sm consensus sequence (GAU 4 GA) through the pore of the refined SmAP heptamer, and did not require any alteration of the SmAP structure. Adjustment of only four phosphate backbone ␣ torsion angles near the poly (U) tract sufficiently extended the RNA so that it was easily accommodated in the SmAP pore; moreover, the values were not adjusted drastically-from ␣ Ϸ Ϫ50°in A-form RNA to ␣ Ϸ Ϫ30°in the extended form shown in On the basis of the structure described here, we propose that P. aerophilum SmAP is a representative member of such a family of Sm-like archaeal proteins (SmAPs).
Materials and Methods
SmAP Monomer and Dimer Structures. The crystal structure of SmAP was determined by MAD phasing (Table 1) , and reveals that this archaeal protein-like the human Sm B, D 1 , D 2 , and D 3 monomers-folds as a strongly bent, five-stranded, antiparallel ␤-sheet capped by an N-terminal ␣-helix ( Fig. 2 a and b) . This protein fold strongly resembles members of the oligonucleotide͞ oligosaccharide-binding fold family (33) . The ␤-strands B2, B3, and B4 create this peculiar structure by twisting back upon themselves to form a U-shaped core that is roughly elliptical in cross section. The amount of curvature may be measured as the distance between the N and C termini of a strand. As an example of the SmAP curvature, the distance between the B2 strand termini (C ␣ Ser31 and C ␣ Gln43 ) is 23.7 Å, whereas this distance would be 39.7 Å in an un-bent, fully-extended conformation. The structural plasticity needed for such a high degree of ␤-strand curvature is apparently provided by several strictly conserved glycines that occur near the pivot points (Gly36, Gly64, Gly70 in the archael Sm sequences shown in Fig. 1 ). The segment linking B4 and B5 lies at the top of the U-shaped trough to close the protein into a ␤-barrel-like structure (Fig. 2b) ; it also positions B5 for antiparallel hydrogen bonding to B1 within the same monomer and the B4 strand of an adjacent monomer (Fig. 2a) .
This latter interaction-hydrogen bonding between strands B4 i ⅐⅐⅐B5 iϩ1 for each monomer i-creates the seven dimer interfaces that orient the monomers head-to-tail around the ring. Specifically, each monomer contributes five residues from each B4 and B5 strand (Fig. 2a) to create an interface that occludes 1,682 Ϯ 78 Å 2 of surface area per dimer (Fig. 2c) . The interfacial residues are predominantly apolar, and a few interesting sidechain interactions supplement the standard hydrogen bonds between the ␤-strand backbones. Such interactions include: (i) the guanidinium group of Arg-69 B4 in most of the monomers engages in several hydrogen bonds with main-chain and sidechain atoms from the adjacent B5 strand, and (ii) van der Waals contact of the sulfur of Met-66 B4 with the aromatic ring of Phe-75 B5 suggests that a favorable S⅐⅐⅐ aromatic interaction (34, 35) may stabilize the interface.
The structural superimpositions shown in Fig. 2 illustrate the strong similarity between SmAP and human Sm monomers and dimers. SmAP aligns best with Sm D 3 (31% sequence similarity, 1.0 Å rmsd over backbone atoms), and least well with D 1 (40% sequence similarity, 1.7 Å rmsd). The twisted ␤-sheet core of each Sm monomer is nearly identical (Fig. 2b) , the main difference being the shorter L4 loop of SmAP versus three of the human structures (B, D 1 , and D 3 ). A similar trend toward shorter loops has also been found in other pairs of thermophilicmesophilic proteins (see ref. 35 and references therein). Both D 3 ⅐B and D 1 ⅐D 2 human heterodimer structures align very closely with a SmAP homodimer (1.4 Å and 1.6 Å rmsd, respectively). Superimposition of D 3 ⅐B on SmAP shows that the dimer interface is conserved (Fig. 2c) , although the amino acids in this region (B4 residues 65-69 and B5 residues 74-78) show greater phylogenetic variation than in the rest of the sequence (Fig. 1) . This variation is explained by the fact that the dimer interface consists mainly of hydrogen bonds between the backbones of the ␤-strands. In addition to showing that human and archaeal Sm proteins belong to the same fold family, the SmAP structure is apparently an example of an ancestral homodimeric interface that evolved into several distinct, functional heterodimeric interfaces (D 3 ⅐B, D 1 ⅐D 2 , etc. interfaces in human).
The SmAP Heptamer. The heptameric organization of SmAP shown in Fig. 3 was revealed by the binding of iridium ions (used for phasing purposes, Fig. 3b ) and by in vitro biophysical characterization (C.M. and D.E., unpublished results). The refined crystallographic model reveals a disk-shaped homoheptameric ring that measures Ϸ65 Å in diameter and Ϸ38 Å in height (Fig.  3c) , which is consistent with the dimensions from electron microscopy of human Sm cores (12) . One of the most notable features of the heptamer is the propagation of the ␤-sheet core Fig. 1 . Note that the archaeal homodimer, taken directly from the SmAP heptamer crystal structure, has essentially the same structure as the human heterodimer (1.4 Å rmsd over main-chain atoms).
of individual monomers across the ring to give a circular, 35-stranded ␤-sheet. This extended ␤-sheet does not lie in a single plane because of the strong curvature of the constituent strands. Rather, the U-shaped monomers are arranged like the blades of a turbine, rotated by Ϸ45°out of the horizontal plane of the heptamer. In contrast to the model proposed for the human heptamer (15) , the remarkable asymmetry in the electrostatic surface of the SmAP heptamer gives the disk a large dipole moment (Fig. 4) . This feature may be of functional relevance because it imparts directionality to putative SmAP-RNA interactions.
Discussion
The Cationic Pore. Interactions of SmAP with RNA (or DNA) are likely to occur within the shallow hourglass-shaped pore that runs along the sevenfold axis (Fig. 3 a and c) . This cationic pore is Ϸ15 Å in depth and has a minimum diameter of 8.8 Å, the most constricted region being formed by the Arg-29 side chains of loop L2. The pore tapers steeply away on both sides of the narrow ring of arginines so that no other residues can be said to line the pore. Fig. 3c shows that four layers of charged heptagonal rings lie near to or within the pore. Starting at the bottom face of the heptamer, there is a negatively charged ring of glutamic acid residues (Glu-71, 18-Å diameter) followed by the narrow cationic ring of arginine residues (Arg-29, 8.8-Å diameter); a larger ring of aspartic acid residues (Asp-30, 11.5-Å diameter) is slightly above this; finally, there is a much wider ring of aspartic acid residues at the top face of the heptamer (Asp-57, 28.8-Å diameter). Note that unproductive SmAP⅐ssRNA bonding (i.e., interactions outside of the pore) would be diminished by such an arrangement of anionic rings.
Strict conservation of Arg-29 in archaeal Sm homologs ( Fig.  1) suggests that a cationic pore with similar properties exists in all archaeal Sm heptamers (this arginine is also conserved in the human D 3 protein). By superimposing the human heterodimers on the SmAP heptamer, we find that the cationic character of the SmAP pore is probably conserved in the human Sm heptamer. Several positively charged residues from the human proteins would lie near the SmAP pore (although not in exactly the same location as the Arg-29 ring), including Arg-51 and Lys-67 from D 3 , and Lys-54 from the B monomer.
The aforementioned residues that form the pore and charged heptagonal rings all lie in loops L2, L4, and L5. However, recent experiments by Urlaub et al. (37) demonstrate that residues from loop L3 in human Sm B and G proteins can crosslink with an RNA nonanucleotide containing the Sm binding site (AAU 5 GA). Assuming that snRNA binds in the pore in vivo, these results are not consistent with the relative locations of the pore and loop L3 in SmAP, and suggest that either (i) the human Sm monomers adopt altered conformations in the heteroheptamer to position the L3 loops more proximal to the pore, or (ii) the RNA nonanucleotide used by Urlaub et al. binds near the pore, but not within it.
Elucidation of Sm Binding Site Specificity. Notably, the SmAP heptamer structure offers a simple explanation for the specificity of the snRNA Sm binding site (RAU 4-6 GR). The depth of the pore varies depending on exactly how it is defined, and a lower bound estimate of the pore depth (15 Å) is shown in Fig. 3c . More importantly, the aperture of the cationic Arg-29 ring is clearly defined in electron density (Fig. 3b) and gives the pore a snRNA) that consists of three segments from 5Ј to 3Ј: a random string of 6 nucleotides in the A-form conformation (ACGAUC), followed by a minimal consensus Sm binding site (GAU 4GA), and ending with 6 more nucleotides in A-form geometry (ACGAUC). The SmAP heptamer is depicted as a ribbon diagram along with the solvent-accessible surface. The Arg-29 ring that forms the pore is colored by atom type and rendered in space-filling form, with the ssRNA drawn as a stick model. The steric and electrostatic environment of the pore is ideally suited to accommodate a single-stranded polypyrimidyl nucleic acid. minimum diameter of 8.8 Å. Fig. 5 shows a model of the SmAP heptamer complexed with a 20-nucleotide ssRNA that contains the consensus Sm binding site. The minimal diameter of the pore is ideally suited for binding of a single strand of polypyrimidyl RNA, but is too narrow to accommodate a polypurine, thereby affording steric discrimination between polypyrimidine and polypurine tracts. At least four or five nucleotides are required to span the Ϸ16 Å length of the pore, thus explaining the minimum requirement of four to five uridines in the Sm binding site. A more difficult matter to explain is the selection of poly(U) versus the other possible polypyrimidine, poly(C). It is possible that the cationic pore favors poly(U) because it is a better hydrogen-bond acceptor than the slightly more electropositive poly(C). Most importantly, the eighth iridium peak in anomalous difference Fourier maps is located in the pore, Ϸ3 Å below the cationic Arg-29 plane (Fig. 3b) . This peak proves that the pore is accessible to polyvalent anions (e.g., octahedral IrCl 6 3Ϫ ) by an approach from the bottom face of the heptamer.
The Sm Core of Eukaryotic snRNPs. The crystal structure of SmAP and the model of it bound to an snRNA Sm binding site have several implications for the Sm core of eukaryotic snRNPs. We note that there are two possible paths by which SmAP may bind snRNA. Either the RNA is threaded through the pore (from the bottom face), or the heptamer assembles onto the snRNA binding site. The SmAP structure shows that the latter scenario is more plausible because purine bases cannot fit in the Sm pore. In vitro evidence for stable, subheptamers of human Sm proteins (e.g., an E⅐F⅐G heterotrimer, ref. 8) , along with the fact that a minimal complex of five Sm proteins will bind RNA, lends credence to this stepwise core snRNP assembly pathway.
The regulation of such an assembly pathway could be achieved by noting the recent finding by Brahms et al. (32) Fig. 1 shows that a C-terminal Arg-69-Gly-70 dipeptide of SmAP is strictly conserved among archaeal Sm proteins and aligns with one of the Arg-Gly dipeptides of human D 3 protein. Inspection of the structural environment of Arg-69 in the human and SmAP structures shows that it lies at the Sm dimer interface, where it makes many contacts (Fig. 2c) . Dimethylation of Arg-69 guanidinium groups by a protein arginine methyltransferase is predicted to interfere sterically with this interface, preventing Sm heptamer formation. Therefore, the structure of SmAP leads us to propose that regulation of the snRNP core assembly may be achieved by arginine dimethylation.
Because SmAP is a homoheptamer, our results support a mechanism of modern eukaryotic Sm protein evolution by early gene duplication events. Presumably, an archaeal SmAP gene was duplicated and gradually accrued neutral point mutations, with the structural restraint that the independently evolving monomers still form a heteroheptamer. Such a scheme would give rise to modified͞modern Sm heteroheptamers, such as the human B⅐D 1 ⅐D 2 ⅐D 3 ⅐E⅐F⅐G heptamer, with modified͞modern biochemical activities, such as U snRNA binding. This model implies asymmetric heteroheptamers composed of paralogous Sm proteins, and explains the diversification of Sm protein function. Our preliminary crystallographic results with another archaeal Sm protein suggest that it also assembles into a homoheptamer, thereby supporting this model. Finally, we note that these results raise several interesting questions regarding the potential RNA that P. aerophilum SmAP interacts with in vivo, the cellular role of this putative RNA binding, and the possibility of snRNP-like particles in archaeal species.
